As infrared imaging systems have evolved from the first generation of linear devices to the second generation of small format staring arrays to the present 'third-gen' systems, there is an increased emphasis on large area focal plane arrays (FPAs) with multicolour operation and higher operating temperature. In this paper, we discuss how one needs to develop an increased functionality at the pixel level for these next generation FPAs. This functionality could manifest itself as spectral, polarization, phase or dynamic range signatures that could extract more information from a given scene. This leads to the concept of an infrared retina, which is an array that works similarly to the human eye that has a 'single' FPA but multiple cones, which are photoreceptor cells in the retina of the eye that enable the perception of colour. These cones are then coupled with powerful signal processing techniques that allow us to process colour information from a scene, even with a limited basis of colour cones. Unlike present day multi or hyperspectral systems, which are bulky and expensive, the idea would be to build a poor man's 'infrared colour' camera. We use examples such as plasmonic tailoring of the resonance or bias dependent dynamic tuning based on quantum confined Stark effect or incorporation of avalanche gain to achieve embodiments of the infrared retina.
Introduction
The infrared region of the electromagnetic spectrum is usually defined as the wavelength range 'longer' than the visible spectrum observable with the human eye but shorter than the radiation emitted in the microwave oven. The infrared portion spans a wavelength range from 1.0 µm (1.24 eV) to about 300 µm (4.3 meV, 1 THz). The infrared is loosely further classified into near infrared (NIR, 1-2 µm), short wave infrared (SWIR, 2-3 µm), mid wave infrared (MWIR, 3-5 µm), long wave infrared (LWIR, 8-12 µm), very long wave infrared (VLWIR, 12-25 µm) and far infrared (FIR, >25 µm). The importance in the MWIR and LWIR bands of the spectrum arises for three main reasons. The first is that most objects emit radiation in this wavelength range (for example, the human body by virtue of being at a temperature of ∼300 K emits radiation peaked around 10 µm). Thus infared sensors are effective in 'seeing in the dark' and find themselves useful in applications in night vision imaging, thermography for noninvasive medical imaging and civilian diagnostics. The second is that most chemical species actually have spectral signatures 1 Author to whom any correspondence should be addressed. in the infrared regime due to fundamental absorption processes associated with vibrational states of the molecules. Thus in applications that need the observation and identification of chemical species, such as pollution monitoring, gas leak detection, gas sensing and spectroscopy, one needs to work in these wavelength bands. Lastly, the atmosphere has clear transmission windows in the MWIR and LWIR making it very attractive for terrestrial applications.
Present day MWIR and LWIR detectors
In this paper, we will restrict ourselves to the MWIR and the LWIR as they are the most relevant for terrestrial applications [1] . Currently, the infrared imaging market can be divided into three main sectors. They are (i) low volume, high performance detectors, (ii) large volume, intermediate performance detectors and (iii) very large volume, low performance detectors.
In the first category, the detectors need to be cooled to reduce the dark current associated with thermal processes. Currently, detectors in this market are dominated by bulk indium antimonide (InSb) in the MWIR and mercury cadmium telluride (MCT) in the LWIR. Both these semiconductors have bandgaps in the appropriate bands and incident photons that are above the band gap create photogenerated carriers (electrons in the conduction band and holes in the valence band), usually, in a biased PN junction. Such interband devices, which have an in-built field, are referred to as photovoltaic detectors. Another class of detectors which are promising for the LWIR regime are intersubband devices based on transitions in quantum wells and are referred to as quantum well infrared photodetectors (QWIPs) [2] . Most present day QWIPs are operated in a photoconductive mode, in which an external bias is applied to tilt the energy bands, to collect carriers that are generated when incident photons are absorbed due to the resonance in the intersubband states. However, the QWIPs have been plagued with problems associated with large dark current and low quantum efficiency primarily arising due to the nature of the intersubband transitions. Several solutions including corrugated QWIPs [3] , low-noise QWIPs [4] and enhanced QWIPs [5] (E-QWIPs) have been reported to further improve their performance. In the past decade, there has also been active interest in investigating infrared detectors based on intersubband transitions in quantum dots. These detectors called quantum dot infrared detectors (QDIPs) are expected to have a lower dark current due to their threedimensional confinement and increased lifetime due to reduced scattering processes [6] . More recently, quantum dots in a well (DWELL) detector, in which the dots are placed in a quantum well, have been proposed. DWELL detectors combine the advantages of QWIPs such as control over the operating wavelength with the advantages of the QDIPs such as normal incidence operation, increased lifetime and threedimensional confinement [7] . Recently, a very promising technology based on miniband transitions in type II strained layer superlattices (T2SL) based on the InAs/InGaSb material system have emerged [8] . They have large quantum efficiency and are based on III-V technology. However, the surface passivation schemes of side walls in this system have to be carefully considered as we move towards demonstrating high performance focal plane arrays (FPAs) based on this technology. Infrared imagers in this category can easily cost between US$100K to US$500K and are mainly used in the army and airforce systems such as battletanks, heat seeking missiles and fighter aircrafts. Moreover, commercial QWIPs are now also deployed in fire-fighting applications and in noninvasive civilian diagnostics.
In the second market, the dominant technologies are bolometers, which are uncooled semiconductor devices (made out of amorphous silicon and vanadium oxide), in which the incident infrared radiation heats the pixel element and causes a change in the resistance of the pixel. This change is monitored through an external circuit and rendered as a photocurrent. Due to the intrinsic nature of the thermal energy transfer process, the bolometers are slow (time constants ranging from 30-100 s of milliseconds) and hence find limited use in high performance applications which require large frame rates with small integration times (<10 mS). Moreover, since they are not spectrally sensitive they are plagued with large background noise. Hence they need calibration, usually every few minutes, to correct for the drift in the system. Bolometers are primarily used in applications such as rifle mounted infared imagers and low-end security survelliance. Recently luxury automobiles such as Cadillacs and Lexus have incorporated bolometer based infrared cameras to enable the driver to see objects, such as deer, during the night. A bolometer camera can cost between US$5K and US$15K.
The third market, which is primarily driven by low cost, is dominated by image intensifiers. These find applications in SLR cameras and 'night vision goggles' found in department stores. The cost of these devices is a few hundred US$.
The infrared retina
In the rest of this paper, we will restrict ourselves to the high performance cooled infrared detectors. The present state of the art in this market is InSb for MWIR applications and MCT for the LWIR. Even though these systems are bulky and expensive, largely driven by the cooling technology, their performance is very good, making them the preferred technology for highend imagers. The first and second generation infrared detectors which were dominated by single pixel, linear and staring small format (1K-100K pixels) were developed from the 1950s to the 1990s. In the past decade the emphasis for the research and development community has been on developing the thirdgen systems, which are (a) large format (1-16 megapixels), (b) higher operating temperature (200-250 K for MWIR and 120-150 K for LWIR) and (c) multicolour operation.
We believe that the emphasis for the next generation device will be on incorporating 'enhanced functionality' in the imagers (preferably at the pixel level). The basic idea is to pack as much information in the pixel to develop an 'infrared retina', as shown in figure 1 . Thus the individual pixels in the FPA would act like the cones in the human eye and not only monitor the emissivity of a given scene but also record the spectral features in the scene. One could also imagine that the individual pixels could be made polarization sensitive or have a wide dynamic range through the incorporation of gain in the pixel. These signatures will be coupled with powerful on-chip signal processing algorithms to extract information from the scene. This would lead to a dramatic reduction in the size, complexity and cost of infrared imaging systems.
For example, traditional multispectral/hyperspectral infrared sensors employ either a forward-looking infrared (FLIR) imager or a Fourier transform infrared (FTIR) spectrometer.
While FTIR systems can provide highresolution spectra, they are very bulky and not suited to field measurements. By obtaining the spectral response in different wavelength bands (e.g. multispectral/hyperspectral imaging, MSI/HSI), the signal-to-noise ratio and image analysis can be improved. This is usually done by either using multiple arrays, each of which responds to a different wavelength band, or by using a series of external filters to spectrally limit the incoming radiation. However, the use of multiple arrays and the complexity of the spectral calibration of an individual array increase the cost and limit the performance of these sensors. If one can demonstrate spectrally tunable and wavelength agile MWIR/LWIR sensors in which the detection mode is Figure 1 . The concept of the infrared retina. The picture on the left shows the red (564 nm), blue (498 nm) and green (534 nm) cones in the human eye with the associated spectral response. The picture on the right shows a schematic of an infrared FPA with all the pixels essentially the same. If spectral or polarization information could be coded at the spectral level, one could obtain an 'infrared retina'. Note the similarity in the spectral shift as a function of voltage from a quantum dot detector (bottom right) and the spectral response of the cones in the human eye (bottom left). collocated and simultaneous, this would provide access to a totally new set of data that is not available from conventional sensors.
Possible approaches to realize the infrared retina
In this section, we summarize a few proposed approaches to provide this enhanced functionality that forms the basis of the infrared retina. We realize that this list is not comprehensive and there are several other approaches that can be proposed.
Multispectral/hyperspectral pixels using plasmonassisted photonic crystal cavities.
To improve the spectral resolution of infrared detectors, a few approaches have been proposed, including the use of a resonant cavity to limit the absorbed spectrum and increase the responsivity of the detector. But the thickness of the reflecting layers is extremely large (d ∼ 3 µm for each Bragg stack for λ − 10 µm), making this approach unfeasible for large-scale manufacturing. We have been exploring the possibility of defining a photonic crystal cavity in the detector. The spectral information is encoded in the pixel by changing the ratio of the size of the aperture to the pitch of the structure (commonly referred to as the r/a ratio). To encode polarization information, the lattice constant is varied along the x and y directions to impart a degree of asymmetry to the two polarization states. The finesse or Q-factor of the photonic crystal cavity can be made as large as (10 5 ) in state of the art photonic crystal designs. A high Q will ensure that there is (a) an 'amplified' spectral response leading to an increase in the responsivity and sensitivity of the detector and (b) an associated narrowing of the spectral response. Preliminary results from this technology have led to an enhanced conversion efficiency, spectral tuning and polarization control [9] , as shown in figure 2 (in collaboration with researchers at Caltech).
Voltage tunable spectrally adaptive sensors.
We have also been able to realize spectrally adaptive sensors that are bias tunable by exploiting the quantum confined Stark effect in the DWELL heterostructure [10] . The QCSE can be combined with a projection algorithm to obtain a continuously tunable detector with overlapping bands that can be used for target recognition [11] . This can be used to realize multicolour images using the 'same' FPA. For example, figure 3(a) shows a conventional image taken with a quantum dot camera of two types of rocks (hornfel and granite). It is to be noted that there is not much of a distinction between the two rocks in the image. Figure 3(b) shows the classification maps after obtaining bias dependent images from the scene and applying the classification algorithm. It is very clear from the last image that the hornfel (orange) and granite (black) are very distinctly visible. The black regions on the hornfel rock are not a classification error but arise from reflections from the granite rock on the hornfel surface due to the shape of the rock. This further corroborates our classification map approach.
To exploit the spectral diversity using this approach, one would need to develop a high-end digital read out integrated circuit (ROIC) that can provide a wide bias range and possibly the ability to independently control the bias on each pixel. Several companies are developing low-noise digital ROIC with such bias functionality. For example, Raytheon Vision Systems has recently reported a two colour MCT detector with a MWIR and LWIR diode in a back to back configuration with a floating p region [12] . Such a ROIC can be integrated with the detector to provide this enhanced functionality using a simple 'single bump' per pixel design.
Enhanced gain using an avalanche photodiode.
Another proposed approach involves incorporating gain in the detector. A particular embodiment of such a device, called the quantum dot avalanche photodiode (QDAP), is expected to demonstrate improved performance over conventional quantum dot detectors [13] . In the QDAP, an intersubband quantum dot detector is coupled with an avalanche photodiode (APD) through a tunnel barrier (as shown in figure 4) . The tunnel barrier reduces the dark current while the APD provides the necessary photocurrent gain to increase the signal-to-noise ratio. In particular, the APD is expected to provide the gain necessary to overcome the readout noise (including 1/f and pre-amplification Johnson noise) and achieve a significantly enhanced signal, which comes at the slight expense of the avalanche excess noise. With this novel combination, one can achieve a higher sensitivity at the same temperature (D * ∝ responsivity) or have a comparable performance at higher operational temperatures. This is very exciting as it also opens the possibility of obtaining Geiger-mode and single photon operation in the MWIR/LWIR, which has not been demonstrated before.
Conclusion
In conclusion, we have discussed how the concept of an infrared retina is extremely useful as we progress towards making third-generation FPAs. The infrared retina has pixels with enhanced functionality to process spectral, polarization and dynamic range information from a given scene. This can be coupled with powerful on-chip signal processing algorithms to extract useful information from a given scene that would not have been possible with a traditional 'black and white' infrared camera. We have also outlined some of the possible approaches for realizing such an infrared retina.
